Abstract-Ultrasonography is a convenient and widely-used technique to view the longitudinal muscle motion as it is noninvasive and real-time. However, the estimation of longitudinal muscle motion, in sense of dense deformation field, was paid little attention to previously. In this report a primal-dual algorithm was used to estimate the motion of gastrocnemius muscle (GM) in longitudinal direction. Then a color encoding scheme and the mean velocities (mm/s) of frame-wise motion field were adopted to show the synchronous activities. The preliminary results, on 600 frames of ultrasound muscle images in motion, demonstrated that the proposed estimation method are helpful to study of the contraction of muscle in longitudinal direction, providing motion details both spatially and temporally.
I. INTRODUCTION
Many biomechanical investigations require the quantification of muscle contraction and it has been shown that different regions of muscle can be activated to complete different motor tasks [1] , and to generate forces in different directions [2] . Accurate in vivo measurements of muscle motion would greatly facilitate and improve our understandings of normal and abnormal muscle functions. Comprehensive quantitative descriptions of muscle contraction and the ability to correlate the action of several muscles either agonist or antagonist would advance medical and engineering efforts to understand diagnose and even treat musculoskeletal disorders [3, 4] . Muscle contraction is commonly studied by surface electromyography (EMG) [5, 6] , force and displacement transducers, e.g. [7, 8] . However, they cannot reflect the morphological changes of contracting muscles directly. Many imaging modalities have been used to study muscle and its functions.
Ultrasonography (US) has been one of most attractive ways of assessing human muscles under both static and dynamic conditions since its low cost, high flexibility and extraordinary patient friendliness [9] and has been proved to be able accurately measure the changes of muscle thickness [10] [11] , fiber length [12, 13] , pennation angle [14] [15] [16] and cross sectional area [17, 18] . Some algorithms were reported to be able to track important features of contracting muscle from one frame to the next automatically [19, 20] . While other algorithms were focused on the computation of the muscle motion field [21, 22] , which was called optical flow and involved the computation of various temporal-and spatialderivatives of original image sequences usually. According to Horn's taxonomy [23] , the motion field is the 2D projection of the 3D motion of surface in the world, whereas the optical flow is the apparent motion of the brightness patterns in a sequence of images. There are four groups of methods in the literature: differential methods, block-matching methods, energy-based methods and phase-based methods. Overview of these methods can be found in [24] . Once optical flow is obtained, i.e. a two-dimensional vector field describing the image motion, it becomes possible to obtain quantitative information of motion and deformations of viewed objects.
Typically, ultrasound images are difficult for optical flow computation because of high level of speckle noises and that the intensity constancy assumption described in optical flow algorithms would be violated in many regions due to complicated motions of muscle. In this study, to deal with these problems, we proposed to use the primal-dual algorithm [25] to estimate the longitudinal muscle motion. It should be noted that the algorithm can be effectively accelerated on parallel hardware such as graphics processing units (GPUs). A novel set of methods is proposed to explore the estimation of the motion field then.
The manuscript is organized as follows. We begin in Section 2 with a brief survey of the optical flow computation and the primal-dual algorithm. The experimental setup is given in Section 3 and results are described in Section 4. In Section 5, the proposed methods are discussed and finally, the paper ends with some conclusive remarks in Section 6.
II. METHODS

A. The primal-dual optical flow algorithm
Modeling and estimation of dense optical flow fields have been intensively studied in the literature. Starting with Horn&Schunck [26] and Lucas&Kanade [27] , researchers have developed a variety of models for effective flow computation. Here we will concentrate on the variational formulation of the optical flow problem, where the optical flow is estimated as a minimizer of the energy (see e.g. [28] ):
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where , is the motion field, , is the time derivative of the image sequence, is the spatial image gradient, is some given motion field and the parameter is used to defined the tradeoff between data fitting and regularization.
In ultrasound image sequences, it is unlikely, due to illumination changes and shadows, that the image intensities stay constant over time. This motivates the following slightly improved motion estimation, which explicitly models the varying illumination by means of an additive function (see e.g. [29] 
The function : Ω is expected to be smooth and hence we also regularize by means of the total variation. The parameter controls the influence of the illumination term. The improved motion estimation model is then obtained as
where , are finite dimensional vector spaces. The primal-dual optical flow algorithm can be described as follows [25] 
III. EXPERIMENTS
A. Subjects
Three healthy male subjects (mean±SD, age=28.6 0.6 years; body wight 67.0 1.7 kg; height=1.72 0.01 m) volunteered to participate in this study. No participant had a history of neuromuscular disorders, and all were aware of experimental purposes and procedures. Human subject ethical approval was obtained from the relevant committee in the authors' institution, and informed consent was obtained from the subject prior to the experiment.
B. Experiment protocol and Data Acquisition
The testing position of the subject was in accordance with the User's Guide of a Norm dynamometer (Humac/Norm Testing and Rehabilitation System, Computer Sports Medicine, Inc., Massachusetts, USA). Each subject was required to put forth his maximal effort of isometric plantar flexion for a period of 3 seconds with verbal encouragement provided. The maximal voluntary contraction (MVC) torque was then calculated by averaging the two recorded highest torque values from the two tests. The subject was instructed to generate a torque waveform in rough sinusoid shape, up to 90% of his MVC, using ankle plantar flexion movements in prone position. The torque was measured by the aforementioned dynamometer and the reason for choosing 90% MVC as the highest value was to avoid muscle fatigue.
A real-time B-mode ultrasonic scanner (EUB-8500, Hitachi Medical Corporation, Tokyo, Japan) with a 12 MHz electronic linear array probe (L53L, Hitachi Medical Corporation, Tokyo, Japan) was used to obtain ultrasound images of muscles. The long axis of the ultrasound probe was arranged parallel to the long axis of the GM and on its muscle belly. The ultrasound probe was fixed by a custom-designed foam container with fixing straps, and a very generous amount of ultrasound gel was applied to secure acoustic coupling between the probe and skin during muscle contractions, as shown in Fig.1 . The probe was adjusted to optimize the contrast of muscle fascicles in ultrasound images. Then the B-mode ultrasound images were digitized by a video card (NI PCI-1411, National Instruments, Austin, USA) at a rate of 25 frame/s for later analysis.
Surface EMG signals were collected from the gastrocnemius muscle using bipolar Ag-AgCl electrodes (Axon System, Inc., NY, USA), amplified by a multiple channel amplifier (RM6280 Multi-Channel Biosignal Collection and Processing System, Chengdu Instrument Company, Chengdu, China), and digitized by a 12-bit data acquisition card (NI-DAQ 6024E, National Instruments Corporation, Austin, TX, USA) with a sampling rate of 1 kHz. Ultrasound image sequences, surface EMG and torque signals were simultaneously collected and stored by a custom-made program for ultrasonic measurement of motion and elasticity (UMME, http://www.tups.org).
C. Data Processing
A total of 3 200 frames of ultrasound images were acquired and all the images were cropped to keep the image content only. The ultrasound image pair (pre-and post-frames, e.g. 1st frame and 2nd frame, 2nd frame and 3rd frame, etc) in each group was registered with the primal-dual algorithm to compute the motion field, and a novel visualization framework including a set of methods was used to illustrate the motion field from several perspectives (see the details in the following section). All data were processed off-line using programs written in Matlab (Version 7.12, MathWorks, Inc., Massachusetts, USA).
IV. RESULTS
A. Validation of the primal-dual algorithm
To simulate a region of muscle fascicles, we constructed an image with only horizontally parallel patterns and each column of which was a sinusoid waveform in gray level with peak and valley of 250 and 125 (in a range between 0 to 255) respectively, then patterns were rotated by 30 and 31 degrees and trimmed to generate two scatter images respectively, which were then processed by Field II [30] to generate the two simulated images, as shown in Fig.2 (a) and (b) . Using the primal-dual algorithm, the method field was estimated and shown as velocity quivers in Fig.2 (c) and a color coded view (CCV) in Fig.2 (d) based on a color coded scheme in [31] . To further assess the CCV, two new image were simulated in a similar way, but the second scatter image used was a deformed version of the first one, vertically compressed by 95% and horizontally expanded by 105%. The corresponding simulated images, velocity quivers and CCV were shown in Fig. 2 (e-h) respectively. It could be seen that results from the primal-dual algorithm agreed well with the pre-set deformation.
To validate the effectiveness of computing motion field in ultrasound image using the primal-dual method, two popular optical flow methods, Lucas-Kanade [27] and Combined Local-Global (CLG) Method [32] , were implemented to estimate the muscle motion. Two consecutive frames were extracted from the ultrasound image sequences which we identified as current frame and next frame. Coarse-to-fine warping techniques are a frequently used tool for improving the performance of optical flow methods, and will be used to evaluate the quality of estimated motion field in this study. Next frame is treated as the true-motion frame that will be compared with warped frame of the motion between current and next frame. The performance is evaluated in terms of the peak-signal-to-noise ratio (PSNR) defined by : 10log ∑ ∑ , ,
where denoted the warped frame with respect to the current frame , and represent width and height of the frame. The PSNR plots calculated by these algorithms were shown in Fig.3 . It was observed that the PSNRs of the primal-dual algorithm were clearly higher than two other methods, on all frames used in this experiment.
Humac/Norm system Ultrasound probe container EMG collection system Fig.1 . Experimental setup including the torque, EMG signal and ultrasound image data collection modules. 
B. Estimation and Comparison with EMG/Torque signal
The 7th -8th frames of subject 3 were selected as an example since the motion between them were visually representative. The corresponding velocity arrows and CCV were shown in Fig.4 (a-c) . It was observed easily different parts were moving different direction.
Currently, surface EMG signal analysis is a popular method for the investigation of muscle activation. The Root Mean Square (RMS) value is often applied to quantify the electric signal because it can reflect the physiological activity in motor units during the muscle contraction. In order to investigate the possible phasing relationship between the motion field estimated using the primal-dual algorithm and EMG/Torque signal, we define the motion level of each pair of frame as the mean velocities (mm/s) of frame-wise motion field and they, taking subject 1 for example, were drawn together in Fig.5 . Where it could be observed that the motion level correlated with EMG/torque in some way.
V. DISCUSSION
In this study, the primal-dual algorithm was used to compute the motion field. As shown in results on both simulated and ultrasound images, Fig.2 and Fig.3 , the approach provided a dense motion field with decent quality. Due to the discontinuity nature of muscle motion in longitudinal direction, for example, sliding between muscle layers, the primal-dual algorithm outperformed the popular Lucas-Kanade or CLG Method in sense of PSNR on our collected data, as shown in Fig.3 . It should be noted that the algorithm can be effectively accelerated on parallel hardware such as graphics processing units (GPUs). The motion field result was then represented by velocity quivers and or displayed in CCV, as shown in Fig.4 , and found to agree well with visual perception of both magnitude and orientation. Both velocity quivers and CCV had been reported before in computer vision or computer graphics field, but their adoptions to skeletal muscle motion visualization were rarely reported, though quite suitable as demonstrated in this study. As shown in Fig.5 ., the motion level exhibited similar shape to Torque or RMS of EMG signals. Further correlation analysis on the contraction/relaxion phases, as shown in Fig.6 , resulted at a interesting finding that the correlation between motion level and Torque/EMG was better in contraction phase than relaxation phase. The results on other two subjects are the same.
VI. CONCLUSION
In conclusion, we introduce the primal-dual algorithm to estimate the apparent motion in the ultrasound image sequences captured during muscle contraction, and proposed a novel set of methods including not only traditional velocity quivers and CCV, but also a qualitative measure which demonstrated well correlation to Torque and EMG signals. It's believed that the proposed estimation method are helpful to study of the contraction of muscle in longitudinal direction, providing motion details both spatially and temporally. 
